By using a first-principles method, the theoretical analysis of six probable Au/ Mg͑001͒ interface models points out that two of them with oxygen or magnesium vacancies in the interface are most stable. It is found in this work that besides O or Mg vacancies having to exist in this interface, the stability of an interface depends deeply on the atomic configuration of interface. Such a configuration in which each Au atom in the upper Au layer of interface bonds with each O atom in the MgO under layer is theoretically considered to be most stable. Nevertheless, these results need to be confirmed by experiments.
I. INTRODUCTION
The interface characteristic of metal oxides is often the controlling factor limiting their practical applications in catalysis, adhesion, corrosion, and microelectronics. Thus, determining it and understanding its influence are of great importance. For instance, although gold is one of the noblest metals and has little activity for chemisorption, 1 it was found that nanosize particles of gold supported on various oxides exhibit an enhanced catalytic activity, 2-4 which would be of great significance in environmental and chemical technologies, for example, to be used as a sensor. 5 Such a question of common interest stimulates many researchers to theoretically explain the interfacial behavior of metal oxides. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Many theoretical and experimental attempts have been done on the deposition and growth of Au clusters on MgO, 9, [16] [17] [18] [19] and some focused on adatoms and dimmers [6] [7] [8] and the adsorption characteristics on a regular MgO͑001͒ surface; [9] [10] [11] however, they only concerned the adhesion of the isolated adatoms and adsorbed dimmers on the surface of oxide. A minority of them, such as the papers of Goniakowski 12 and Herschend et al., 13 concentrated on the interfacial characteristics of metal coverages. To our best knowledge, the electronic structures of Au/ MgO interfaces, which are physically and technologically important, remain unclear. Therefore, a systematic study of the Au/ MgO interfaces is still needed. This is just our goal in the present paper.
II. COMPUTATIONAL DETAILS
As we know, it is possible to use first-principles calculations to study interface electronic structures and to acquire the results that agreed with experiments if the interface models used are reasonable. 20 In the present study of Au/ MgO interfaces, the plane-wave pseudopotential ͑PWPP͒ method in the CASTEP code 21 has been employed.
In the calculations, the energy cutoff was set at 350 eV ͑25.7 Ry͒, which is a better choice with respect to the computational efficiency and convergence, 22 and the number of k points within the irreducible wedge of the Brillouin zone was determined by the Monkhorst-Pack scheme. 23 A k-point mesh of 6 ϫ 6 ϫ 1 was used to sample each computational cell. All the atoms in each computational cell were relaxed until its total energy difference between two steps is smaller than 1 ϫ 10 −5 eV/ atom. The total energy was minimized by means of a conjugate gradient technique. 24 The ultrasoft pseudopotentials 25 of gold, magnesium, and oxygen were taken and optimized to determine the appropriate plane-wave basis set. The density-mixing scheme based on the Pulay algorithm 26 was used for self-consistent-field ͑SCF͒ calculation. The SCF tolerance was set at 1 ϫ 10 −6 eV/ atom. The atomic calculations and the formation of the pseudopotentials were treated self-consistently through the local-density approximation ͑LDA͒. The LDA exchange-correlation functional has been used in this study, because recent studies about Au on oxides indicated that it can provide a better Au/ MgO description. [27] [28] [29] [30] By using the Gasteiger method, 31 the spatial distributions of electronic charge and electrostatic potential were calculated for a whole system or a selection of atoms. Partial density of states ͑PDOS͒ gives a qualitative treatment on the nature of electron hybridization in the system and can be produced for certain angular momenta on selected atoms. If more than one atom is selected, the contributions in each angular momentum channel from all selected atoms are added together. Experimentally, 32 vacancies have been found on the surfaces of Au nanoparticles embedded in MgO. Even in MgO crystals, oxygen and magnesium vacancies still exist, 33 and recent experiments have directly observed these defects on the ͑001͒ surface of ultrahigh-vacuum cleaved single MgO crystals. 34 Thus, the interaction of Au with oxygen and magnesium vacancies must be taken into consideration in modeling and calculating of Au/ MgO interface.
Practically, the most often observed defects in MgO are oxygen vacancies. They are in different charge states depending on the condition in which they are prepared. Once the vacancies are formed, their electronic structures could be changed by adding or removing electrons in them; 35 therefore, the oxygen and magnesium vacancies can be classified as positive, negative, and neutral by their charges. The neutral oxygen vacancies are generally stable in bulk MgO. 36 In what follows, we address ourselves firstly to calculating the formation energies of neutral oxygen and magnesium vacancies in bulk MgO and comparing them with the experimental and previous computational results to give a feasible evidence of our method.
We first employed the PWPP method to calculate lattice constant, bulk modulus, and band gap of MgO. Table I 32 ͒ of MgO as larger computational cell, which demonstrates that the correct E form can still be obtained in a smaller computational cell down to one unit cell of MgO. This provides a reasonable basis for constructing a model of Au/ Mg͑001͒ with appropriate size. It is also suggested that the use of the smaller computational cell is enough to calculate formation energy on a relaxation compromise between calculation accuracy and computational efficiency.
III. RESULTS AND DISCUSSION

A. Interface models and their interfacial energies
The experiments [44] [45] [46] [47] have observed that Au can be deposited on a MgO͑001͒ surface and often keeps a good epitaxial relation ͑001͓͒100͔ Au ʈ ͑001͓͒100͔ MgO with the MgO substrate because the lattice mismatch is so small ͑3.1%͒ between Au͑001͒ and MgO͑001͒. Based on these, five possible three-dimensional computational cells of the Au/ MgO͑001͒ interface are given. Each one contains three Au͑001͒ upper layers and three MgO͑001͒ under layers, and periodic boundary condition is forced on it in the ͓100͔, ͓010͔, and ͓001͔ directions, respectively. In Fig. 1 , only one Au͑001͒ and one MgO͑001͒ interfacial layer in these cells are schematically shown, from which it can be seen that the upper layer has two two-dimensional Au units and the under layer has four two-dimensional MgO units. Table III lists the interface spacing and energy obtained from these fully relaxed models. Among all the perfect interface models A, B, and C, model A shown in Fig. 1͑a͒ is the most stable since it has the smallest interface energy.
However, this case can be changed if vacancies appear in the Au/ MgO interface. Model D is an obvious example. The presence of oxygen vacancy makes the interface energy of model D decrease to 0.535 J / m 2 and makes the corresponding interfacial spacing between Au and O vacancy the smallest, 2.035 Å, among the five models. It seems that the interaction of Au with O vacancy is much stronger than with O atom itself, and thus, such interaction holds this interface to be more stable. From above elementary analysis, we can roughly predict that the cohesion of Au/ MgO interface is closely relative to and determined by its interfacial structure.
At the end of this section, we should point out that the calculated results are less sensitive to the number of layers of Au͑001͒ and MgO͑001͒ in a model if it is beyond a critical value. For instance, the calculated interface energies of model D are 0.521 and 0.513 J / m 2 for a five-Au͑001͒-layerfive-MgO͑001͒-layer and for a seven-Au͑001͒-layer-sevenMgO͑001͒-layer models, respectively, and only −0.014 and −0.022 J / m 2 less than 0.535 J / m 2 for the three-Au͑001͒-layer-three-MgO͑001͒-layer model. This indicated that the three-Au͑001͒-layer-three-MgO͑001͒-layer models we used are suitable for studying the electronic structures of Au/ MgO͑001͒ interfaces. Figure 2 shows the PDOSs of interfacial Au, O, and Mg in models A, C, and B, with respect to the Fermi level at zero. It can be found that the PDOSs of Au and O are predominant and much larger than that of Mg. The PDOS of Au is almost unchanged for three models but the PDOS of O shifts gradually to low-energy range from model B to C and then to A. As a result, the hybridization between 5d, 6s states of Au and 2p states of O in the energy range from 0 to − 9 eV increases gradually from model B to C and then to A. This explains well the variations of interface spacing and energy E inter for models A, B, and C listed in Table III . Figures 3͑a͒-3͑c͒ show the corresponding contour plots of the electron-density distribution for models A, B, and C. It can be clearly seen that the bonding across interface is stronger for model A, moderate for model C, and weaker for model B, which are consistent with the calculated results listed in Table III .
B. Perfect interface
C. Defective interface
Oxygen vacancy interface
To explain why model D has so small E inter from the view of electronic structure, we give its contour plots of the electron-density distribution in the ͑010͒ plane in Fig 4. Comparing it with Fig. 3͑a͒ for model A, it can be found that due to the interface spacing going smaller from 2.548 to 2.035 Å, ͑1͒ the stronger metallic bonding forms between Au1 ͑just on the top of O vacancy͒ and the four neighbor Mg2 atoms by sharing electrons between Au 6s and Mg 3s orbitals, which can be demonstrated with charge increasing of Mg from 1.39 and Au from 0.2 in model A to 1.54 and 0.32 in model D; and ͑2͒ the covalent interactions are greatly strengthened between Au2 and O2 atoms in Fig.  4 , because in this case, as shown in PDOS curves in Fig.  5͑b͒ , the hybridization between 5d, 6s states of Au2 and 2p states of O2 in the energy range from 0 to − 9 eV is stronger than that in model A, as shown in Fig. 5͑a͒ .
From the above analysis, we can conclude that the appearance of O vacancy would be in favor of stability of Au/ Mg͑001͒ interface; thus, it may be probable to observe such an interface in experiments. Figure 6͑a͒ is the side view of the original model E along the ͓100͔ direction, in which Au atom is just on the top of the central Mg vacancy. Figure 6͑b͒ is the contour plots of the electron-density distribution in the ͑010͒ plane for the fully relaxed model E. In Fig. 6͑b͒ , it can be seen that Au atom moves down along the ͓001͔ direction and almost occupies the Mg vacancy, thus forming a vacancy in the upper Au layers. For this model, E inter = 1.869 J / m 2 and interface spacing = 2.610 Å. This interface is a bit stronger than that in model B, but must less stable than that in model D since it is kept mainly by weaker metallic bonds between Au and Mg. This case will be changed if the upper three Au layers shown in Fig. 6͑a͒ are shifted by 1 2 a MgO ͑a MgO the lattice constant of MgO͒ along the ͓010͔ direction, called model F. Figure 7͑a͒ shows the side view of model F along the ͓100͔ direction. Figure 7͑b͒ gives its contour plots of the electrondensity distribution on the ͑010͒ plane for fully relaxed model F. Due to the stronger covalent interactions between Au atoms in the upper layers and O atoms in the under layers, the interface energy E inter of model F reduces to 0.468 J / m 2 and the interfacial spacing to 2.105 Å, which is comparable with model D. This means that model F may be also a probable Au/ MgO interface observed. The common characteristics of models D and F are that ͑1͒ vacancies appear in Au/ MgO interfaces and ͑2͒ Au atoms in the upper layer of interface are just on the top of O atoms in the under layer.
Magnesium vacancy interface
D. Discussion
By performing an iterative process, geometry optimization allows us to refine the geometry of a structure to obtain a stable structure, in which the coordinates of the atoms and possibly the computational cell parameters are adjusted so that the total energy of the structure is minimized. For a consistent comparison, all of the six possible modes have been fully relaxed, not only in the vertical direction but also with lateral relaxation of atoms.
However, the important fact is found that the vertical and lateral movements of the interfacial atoms are very different after relaxations. The vertical movements of interfacial atoms are much larger in magnitude than lateral displacements of interface, because there is an interface stress determined by electrostatic interaction. Interface relaxation can strongly reduce the interface stress in the vertical direction, only leading to a relatively small lateral relaxation of interfacial atoms. This phenomenon is notable especially in the models with vacancies. For example, in model E in Fig. 6 , geometry optimization showed that the Au atom just on the top of the Mg vacancy moves down along the ͓001͔ direction and almost occupies the Mg vacancy, but other interfacial atoms only slightly deviate from their original sites accompanied by the geometry relaxation.
For perfect Au/ MgO͑001͒ interfaces, our major result is that Au atoms prefer to be on the top of O atoms, agrees with results obtained by previous studies on the adhesion of Au atom on the MgO͑001͒ substrate. 9, 14, 15 This was also observed in the experiments of Ag adsorption on MgO. 48, 49 Especially, Giordano et al. 15 reported recently that the bonding between the Au and O atoms is twice as strong as the bonding between Au and Mg atoms on the adsorption of Au on MgO. All of these prove our models and calculations of Au/ MgO͑001͒ interfaces to be correct. Our study on model B indicates that the previous conclusion 50 that the over- magnesium configuration is the most stable Au/ MgO interface is inappropriate. In our calculations, a small periodic computational cell is used. Therefore, the effect of mismatch between Au and MgO is underestimated than it does in practical Au/ MgO interfaces; for example, in the practical "model D," Au atoms may be on the positions a bit far from the top of O atoms rather than exactly on the top of them. 51 The corresponding E inter may not be exactly 0.535 J / m 2 . However, we believe that the large difference of about 1 -1.5 J / m 2 of models D and F from model A, B, C, and E may be not from the effect of mismatch but from the binding energy of the interfaces.
For the defective interface, three interface configurations ͑models D, E, and F͒ have been calculated to study the effect of vacancies on the Au/ MgO͑001͒ interface. Our calculations of models D and F demonstrated that both oxygen and magnesium vacancies are strong traps for metallic atom and make the interface spacing reduced; merely the effect of oxygen vacancy is stronger than magnesium vacancy. This is inconsistent with the general view that only O vacancies do so. 18, 30, [52] [53] [54] To reduce the Au/ MgO interface energy, besides O or Mg vacancies reducing the interface spacing, the atomic configuration in an interface is a key. If Au atoms in the upper layer in the interface are arranged one to one on the top of O atoms in the MgO under layer, the strong covalent interactions between Au and O atoms will cohere tightly these two layers and form a stable interface as models D and F. In contrast to the Au to Mg atomic configurations as models B and E, the Au/ MgO interfaces cohered mainly by Au-Mg metallic bonds are unstable.
IV. CONCLUSIONS
The first-principles plane-wave pseudopotential method is performed to study the electronic properties and bonding structures of the Au/ MgO͑001͒ interface. Six possible models A, B, C, D, E, and F of Au/ MgO͑001͒ interface are constructed, and the interface energies and interface spacings are calculated for them. We find that both oxygen and magnesium vacancies in a Au/ MgO interface are strong traps for Au atoms and make the interface spacing reduced. The stability of a Au/ MgO interface depends mainly on the atomic configuration in the interface. If ͑1͒ O and Mg vacancies exist in this interface, ͑2͒ the Au to O atomic configuration between the upper and under layers in the interface is formed; this interface is most stable as models D and F. We expect that such interfaces may exist in higher probability in Au/ MgO interfaces, but they needed to be proven by experiments.
